calc-silicate unit and as graphite-rich lenses in biotite-sillimanite rich paragneiss. The δ 13 C of 32 graphite ranges from -29 to -17 ‰ at Bissett Creek and from -18 to -14 ‰ at Montpellier. 33
Carbon isotope compositions of graphite from both deposits support a biogenic source for the 34 carbon and the spread in δ 13 C can be generated through Rayleigh fractionation. A minor 35
INTRODUCTION 43
As an industrial mineral, graphite is primarily utilized in the steel industry where it is 44 included in bricks that line furnaces (e.g., refractories) to provide strength and resistance to heat 45 and corrosion, used to line ladles and crucibles, and added to steel to increase strength (Luque et 46 al. 2014) . Graphite is also used extensively in the automobile industry in gaskets, brake linings 47 and clutch materials. It has a myriad of other industrial uses including electric motors (carbon 48 brushes), batteries, lubricants, pencils, fuel cells, vanadium redox batteries, components of 49 equipment used to generate nuclear and solar energy, golf clubs, hockey sticks, and other 50 sporting goods (cf., Spence 1920, Hewitt 1965 , Garland 1987 , Mackinnon & LeBaron 1992 . 51
Increasing demand for green energy has also made graphite a very attractive exploration prospect 52 because of its abundant use in lithium-ion batteries. Thus, it is important to develop and test 53 genetic models of graphite mineralization, which can be used to prioritize exploration targets. 54
Graphite deposits are usually divided into three classes. From relatively low to high 55 value, these classes include: amorphous, flake and vein graphite deposits (Spence 1920, Mitchell 56 1993, Luque et al. 2014) . Amorphous graphite represents an aggregate of extremely fine lathes. 57
Flake graphite is the scaly or lamellar form of the mineral, commonly found disseminated in 58 allochthonous Mesoproterozoic volcanic arcs and sedimentary rocks that accreted to the 105 southeast margin of Laurentia during the Grenville orogen (e.g., Carr et al. 2000) . 106
GEOLOGY OF THE BISSETT CREEK GRAPHITE DEPOSIT 108
Location 109
The Bissett Creek graphite property ( quartzofeldspathic gneiss, (2) diopside-tremolite-biotite graphitic gneiss, and (3) graphite-poor 119 sillimanite-garnet gneiss, which occurs at the boundary between the graphitic and barren 120 gneisses. Where observed, the contacts between each of the different graphitic gneiss units are 121 gradational over centimetres to metres. The total thickness of graphitic gneisses, from west to 122 east, varies from 25 m to 90 m, as determined by drilling. At the surface, the graphitic gneisses 123 form a distinctive recessive weathering unit (generally red-orange to pale yellow-brown 124 weathering) and are commonly exposed along rock cuts, hilltops and occasional cliff faces (Fig.  125   2b ). When weathered, graphite flakes are easily picked out of the rock. 126
A barren quartzofeldspathic gneiss with no graphite occurs structurally above and below 127 the graphitic gneiss. Drilling intersections internal to the deposit vary in thickness from 1 to 20 128 m. In drill core, sharp contacts between the barren gneiss and the graphitic gneiss suggest an 129 intrusive relationship. The gneissic units are intruded by metre-scale pegmatites (Fig. 2c) , and in 130 one location, by a metre-scale lamprophyre dyke (Fig. 2d) . 131
The pegmatite unit is a light grey to pinkish, quartz-feldspar rich rock with some large 132 dark brown flakes of biotite and rare pyrite. Pegmatite zones locally contain rare graphite 133 mineralization in the form of flakes intercalated with biotite. Biotite enrichment occurs within 134 the contact zones with the host gneisses. 135
The lamprophyre dyke unit is fine grained, dark green and exhibits sharp intrusive 136 contacts with the graphitic and barren gneiss units. The lamprophyre dykes do not contain 137 graphite mineralization. Lamprophyre dykes are subvertical and generally strike east-west (Fig.  138   2d) . 139
Foliations are shallowly dipping to sub-horizontal across the property. The graphitic 140 gneiss has a moderate dip to the east from 5 to 20 degrees and the high-grade layer dips 20 to 30 141 degrees south. Gignac et al. (2012) report two generations of folding present on the property. The 142 primary deformation event produced isoclinal folds (Fig. 2a) , which were then refolded during a 143 second event into large open folds (Gignac et al. 2012) . 144
145

Petrographic observations 146
The biotite-rich, quartzofeldspathic graphitic gneiss is fine to medium-grained, light to 147 dark grey, and contains between 2 and 10 vol.% homogeneously disseminated, graphite flakes 148 (Fig. 3a) . The biotite-rich, quartzofeldspathic gneiss is composed of centimetre-to decimetre-149 scale, quartz-feldspar rich leucosomes that have lower amounts of graphite and display augen-150 gneiss textures. Leucosomes alternate with millimetre-to centimetre-scale biotite and graphite-151 rich layers. Biotite-rich layers contain between 4 and 10 vol.% graphite that is homogeneously 152 distributed (Fig. 4a) . Graphite flakes are 1-5 mm in length (Fig. 4b) and are intimately associated 153 with biotite (Fig. 4c) . Disseminated sulfides (1-2 vol.%, mostly pyrrhotite) occur within biotite-154 rich layers. Garnet and muscovite are present in some samples from this unit. 155
The diopside-tremolite-biotite gneiss is fine-to medium-grained and is composed of 156 quartz-feldspar-rich layers (mm to dm) that alternate with diopside-tremolite-biotite-graphite 157 rich layers (Fig. 3b) . It is located in the upper part of the mineralized graphite zones at Bissett 158
Creek. Graphite comprises 3 to 6 vol.% of this unit and is homogeneously distributed as 159 disseminated graphite flakes (Fig. 4d) . Trace amounts (1-2 vol.%) of disseminated sulfide 160 minerals (mostly pyrrhotite) are also present. Some parts of this unit also contain garnet, but it is 161 frequently found in close association with pegmatite intrusions. Minerals are generally 162 granoblastic in this unit. 163
The biotite-sillimanite-garnet gneiss unit is medium-grained and contains a well-defined 164 foliation defined by the parallel alignment of biotite and sillimanite lathes (Fig. 3c) . It is 165 composed of millimetre-to centimetre-scale, leucocratic layers that alternate with millimetre-to 166 decimetre-scale, biotite-sillimanite-garnet-rich layers. The melanocratic layers are composed of 167 quartz and feldspar with up to 15 vol.% biotite, up to 15 vol.% sillimanite and up to 5 vol.% 168 garnet. Graphite flakes are rare and are usually associated with disseminated pyrite and 169 pyrrhotite (1-2 vol.%). 170 8 The barren gneiss unit is found structurally above and below the graphitic gneiss units. 171
This unit is composed of pink quartzofeldspathic leucosome that alternates with relatively 172 biotite-rich melanosome (Fig. 3d) . This unit contains no graphite. 173
174
Economic Geology 175
The graphitic carbon contents of select graphitic units reported in Gignac et al. (2012) are 176 summarized in Table 1 and displayed in Figure 5 . Samples were analyzed for graphitic carbon at 177 SGS Laboratories using the CSA05V analytical package, which uses a roast/coulometry method. 178
The diopside-tremolite-biotite gneiss shows a range of graphitic carbon contents from ~1 to 3 179 wt.%. The biotite-rich quartzofeldspathic gneiss unit contains between ~1 and 4 wt.% graphitic 180 carbon. The median graphitic carbon content of the biotite-rich quartzofeldspathic gneiss is ~1% 181 higher than the diopside-tremolite-biotite gneiss (Fig. 5) . Graphite particles generally contain 182 20-30 vol.% interlayered mica (Fig. 4c) . Measured resources of graphite at the Bissett Creek 183 deposit are estimated at 69.8 million tonnes grading 1.74% graphitic carbon based on a 1.02% 184 graphitic carbon cutoff grade (Gignac et al. 2012 , Leduc 2013 (Fig. 1) . 194
195
Field Relationships 196
The geology of the Montpellier graphite showing is summarized in a simplified 197 stratigraphic column in Figure 6 . The geology consists of metasedimentary rocks (quartzite, 198 paragneiss, and calc-silicate), metavolcanic rocks (both mafic and felsic), and granitic gneisses 199
and an ortho-amphibolite. These units have experienced polyphase folding ( at the top of a calc-silicate unit and also within biotite-sillimanite-garnet-rich paragneiss (Fig.  203 6). Disseminated graphite also occurs in the calc-silicate unit (Fig. 7a) . The contact between the 204 graphite-bearing paragneiss unit and the overlying impure quartzite unit is irregular (Fig. 7c) . 205
The graphite showing is exposed at surface along a vertical cliff about 4 m high and over 206 a distance of 100 m. This zone is strongly oxidized ( Biotite-sillimanite-garnet-rich paragneiss lies beneath the most graphite-rich horizon 226 (Fig. 6) . From the contact with the lower calc-silicate unit, the proportion of graphite flakes 227 progressively increases up section within biotite-rich paragneiss. This unit contains coarse-228 grained garnet and biotite. Graphite is intergrown with biotite ( Fig. 8c, d ) and is found along 229 cracks in garnet (Fig. 8c) . 230
231
Economic Geology 232
The graphitic carbon contents of the graphitic units from the main outcrop are 233 summarized in Table 2 . Samples were analyzed for graphitic carbon at SGS Laboratories using 234 the CSA05V analytical package. Graphitic carbon contents range from ~1 to 20 wt.%, with more 235 than half the values above 10 wt.%. Individual graphite grains are millimeters in length (Fig. 8e,  236 f). The average grade of this main outcrop is 13.6 wt.% graphitic carbon. Graphite mineralization 237 continues beneath the impure quartzite unit and within the biotite-sillimanite-garnet-rich 238 paragneiss. Mineralized zones vary in thickness from 0.2 to 4.8 m and are laterally continuous 239 over 100 m. Graphite-rich zones are composed of friable material that form lenses with graphite 240 flakes of about 1 mm in size. 241
CARBON ISOTOPE ANALYSIS OF GRAPHITE 243
Methods 244
Twelve samples were selected for carbon isotope analysis of graphite (eight from Bissett 245
Creek and four from Montpellier). Six samples from Bissett Creek were sampled from drill core, 246
one from a hand sample (BC-0) and one was a graphite concentrate from the mill (BC-M). Four 247 samples were collected from drill core from the Montpellier prospect. With the exception of the 248 mill sample from Bissett Creek, all rocks were crushed by hand and graphite was hand-picked 249 under a binocular microscope. For the mill sample, an aliquot of the graphite product was used. 250
The carbon isotopic compositions of the graphite separates were analyzed at the 251 Laboratory for Stable Isotope Science at the University of Western Ontario. The refractory 252 nature of the graphite presented challenges for some samples and hence a range of analytical 253 approaches were used. First, all samples were analyzed using a Costech 4010 Elemental 254
Analyzer connected in continuous flow mode to a Thermo Scientific Delta PLUS XL mass 255 spectrometer. About 0.2 -0.6 mg of sample was wrapped in tin capsules, prior to combustion at 256 1020°C. These analyses were conducted twice, once without and once with addition of ~1 mg of 257 V 2 O 5 . The latter was added as extra oxidant to facilitate combustion. Samples were calibrated to 258 VPDB using the accepted values for USGS40 and USGS41 (Qi et al. 2003) . 259
Ten of twelve samples were also analyzed using the conventional method of Boutton 260 (1991). Graphite (~1.2 -1.5 mg) was added to a quartz tube, along with 600 mg of CuO and 500 261 mg Cu. The evacuated and sealed quartz tubes were then combusted at 900°C for two hours and 262 cooled overnight. Because visible graphite still remained in the quartz tubes, they were 263 combusted again for a further 3 hours at 1000°C, prior to being allowed to cool overnight. The 264 carbon dioxide was then released, cryogenically purified, and then analyzed using a Micromass 265
Optima dual inlet isotope ratio mass spectrometer. Samples were calibrated to VPDB using compared to its accepted value of -25.7 ± 0.2‰ (SD). Reproducibility (SD) of samples ranged 272 from ±0.1 to ±0.7 ‰, and averaged ±0.3‰ (Table 3) . 273
274
Results
275
The δ 13 C of graphite in this study is summarized in Table 3 Creek samples (Table 3) and plots within the range of measured compositions from the 352
Montpellier occurrence (Fig. 9) . Therefore, the continuum of graphite δ 13 Modeled graphite δ 13 C ranges from -32‰ initially up to -17‰ when 1% of the fluid 364 remains (Fig. 10) . Therefore, Rayleigh fractionation of an initially homogenous carbon reservoir 365 can also explain the spread of δ 13 C at Bissett Creek. Considering the paucity of carbonate 366 minerals and the relatively minor amount of calc-silicates at Bissett Creek, the Rayleigh 367 fractionation model is our preferred interpretation for the continuum of δ 13 C of graphite from this 368 locality. 369
The abundance of carbonate units at the Montpellier occurrence may have resulted in 370 higher graphite δ 13 C than graphite from the carbonate-deficient Bissett Creek Deposit. Similar to 371
Bissett Creek, however, the spread in δ 13 C of graphite may also represent Rayleigh fractionation 372 of an initially homogeneous source. In either interpretation, the carbon responsible for graphite 373 mineralization is mostly biotic in origin at both Montpellier and Bissett Creek. 374
Most studied graphite deposits in the southwestern Grenville Province are spatially 375 associated with carbonate units (e.g., LeBaron 1990, 1992) . The results of this 376 study suggest that the source of carbon for graphite precipitation is principally biogenic even in 377 the carbonate-rich Montpellier occurrence. Therefore, the contribution of carbon from the 378 decarbonitization of carbonate minerals may be relatively minor. It remains to be tested if this 379 holds true for other carbonate-hosted graphite deposits in the Grenville Province. Figure 10
